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ABSTRACT

We report on an experimental investigation of the transport of a metal vapor vacuum arc
plasma through straight and curved magnetic solenoids for the case of an iron plasma and for
magnetic field strength up to 650 Gauss. We find that the fraction of plasma transported increases
with magnetic field strength and saturates at a field at which the ion gyroradius equals the radius of
the plasma channel. The magnetic field strength at the cathode location, where the plasma is
injected into the solenoid, was found to be important, and for the present work the injection
efficiency optimizes at a field of about 150 Gauss.



I. INTRODUCTION

Vacuum arc plasma sources are attractive devices for the deposition of metallic thin films
[1-3]. These kinds of sources produce intense fluxes of highly ionized metal plasmas which when
condensed form highly adherent and dense thin films. However, they suffer from a severe
limitation: along with the metal plasma that is generated there is also a flux of macroscopic
droplets, of size typically in the broad range 0.1 - 10 microns [4-8]. The origin of these
macroparticles is at the cathode spot itself and results from the intense heating of the cathode
material beneath the spot [9]. A volume of material is rendered molten by the arc and the pressure
gradient in the vicinity of the arc expels molten droplets along with the vapor. The volume of
molten material formed by the arc's heating is less for higher melting point materials, and the
macroparticle contamination is observed to be less for cathode materials of higher melting point.
For some applications, useful films can be made by proper selection of cathode material. In the
case of a carbon cathode (and also some other elements and compounds), even larger solid
particles are ejected from the arc spot. These result from the porous nature of most solid carbon
materials. Gas trapped in voids in the cathode causes pressure gradients which blow solid pieces
of cathode from the source. It is also possible that small bridges between grains of the source
material are broken by extreme compressive stress, leading to particle ejection [10].

The application base for vacuum arc sources could be widened substantially if the
macroparticles either could be stopped from forming or if they could be filtered out of the plasma
stream, and several workers have reported on devices and operational procedures for macroparticle
removal [11-17]. The macroparticles travel in approximately straight line trajectories from the
cathode because their velocities are quite high, up to 800 m/sec [18-19]. An effective filter could
thus be an optically dense channel which permits plasma transmission with good efficiency. One
simple configuration is a curved tube or pipe which precludes line-of-sight macroparticles from
passing through it, while allowing a relatively high transmission of plasma by virtue of an axial
magnetic field which ducts the plasma through the filter [11,12,20-22]. Loss of plasma through
the filter results in a decrease in deposition rate at the other end.

In the work described here we have carried out a series of experiments to investigate
transport of the metal plasma through such a magnetic filter. The cathode material used was type
304 stainless steel (Fe70%/Cr20%/Ni10%). The spatial distribution of the plasma loss through the
filter and the dependence of the transport efficiency on magnetic field intensity were measured.
Various other characteristics of this kind of magnetic filter were also studied, such as the
dependence of the plasma transport on the wall potential, and means of efficiently injecting plasma
into the magnetic duct. :

II. EXPERIMENTAL SET-UP

Two different plasma ducts were used for these measurements. One duct, suitable as a
filter, was curved and the other, for comparison, was straight. Their length was 22 cm and the
inner diameter of the plasma transport channel (see below) was 3.05 cm. The 90° bend of the
curved duct did not allow any line-of-sight trajectories from the cathode to the far end, and
therefore no macroparticles could pass through it unless they had been reflected from the filter's
interior. Photographs of the two ducts are shown in Figure 1.

The magnetic field was established by a solenoid wound from copper tubing through which
water was passed for cooling. The solenoid consisted of 25 turns of 4.75 mm o.d. tubing wound
with an average turn-to-turn spacing of 8.9 mm and an i.d. of 4.6 cm. Both ducts - the straight
and the curved - were made the same in all ways apart from the curvature, so that the results
would be comparable. The maximum dc magnetic field that could be obtained (cooling limited) in
these experiments was 650 Gauss.



The inner wall of the two ducts consisted of aluminum disks with sharpened inner edges.
The disks served several separate purposes: (i) they provided a well-defined and controllable
plasma boundary, (ii) they provided a shield between the plasma stream and the magnetic field
solenoid, and (iii) they reduced the probability of macroparticle transport through the duct via
reflections from the walls. The inside diameter of the disks was 3.05 cm, and their on-axis
separation was 1 cm. They were isolated electrically and it was possible to connect them to either
of the electrodes (anode or cathode), float them, ground them, or put them at an arbitrary potential
with respect to ground. '

The plasma generator ("plasma gun") was a simple metal vapor vacuum arc plasma source
of the type developed for the MEVVA series of high current metal ion sources [23-25]. It consists
of a 0.63 cm diameter cathode and a tubular anode. A small trigger electrode surrounds the
cathode coaxially and is separated from it by an alumina insulator. The arc is initiated by applying
a short (several microseconds) high voltage (several kV) trigger pulse to the trigger electrode. A
surface discharge across the alumina insulator, between trigger electrode and cathode, generates a
small amount of plasma which bridges the anode-cathode gap and allows the main arc current to
flow. The arc current is supplied by an L-C pulse line of length 250 microseconds and impedance
1 Ohm. Thus, our experimental device operates in a pulse mode (although the magnetic field is on

d.c.).. The anode of the plasma gun was held at ground potential. The plasma gun assembly can

be seen in Fig. 1; it can be moved along the duct axis. The properties of the plasma generated by
this kind of plasma gun, as reflected in the extracted ion beam, have been extensively studied as
part of the LBL MEVVA ion source R&D program. The MEVVA ion source has been fully
described elsewhere [23-26].

The ion current was measured by a biased probe which could be moved along the duct.axis
from outside the vacuum vessel. Thus the fall-off in ion current with distance from the source in
each of the two ducts, straight and curved, could be measured for a given set of parameters. The
probe itself was a disk of 2.54 cm diameter attached to the end of the probe support mechanism;
the probe (current collector) was thus a reasonably tight fit to the inner diameter of the aluminum
disks forming the wall of the duct (3.05 cm i.d.). The probe was biased at a potential of -70 V
with respect to the plasma (the anode of the plasma gun was grounded) so as to be in the ion
saturation region of the probe characteristic [27,28]; that the probe bias was appropriate for ion
collection was checked from time to time by varying the bias voltage to ensure that the ion
collection signal was indeed in the saturation region. The probe signal can be thought of as a
measure of the ion flux available for deposition at that particular location in the duct or as the
plasma density at that location. The ion current measured in this way was cross-checked for some
cases by comparison with another technique involving the shift in resonant frequency of a small
piezo-electric crystal [29,30].

III. RESULTS

As described above, the mass transport along the magnetic duct was measured in two
different ways - by the ion saturation current collected by a negatively biased circular collector
plate, and by the change in resonant frequency of a small quartz crystal caused by the increase of
mass on the crystal surface. By using the quartz crystal as the current collector as well as a
microbalance, (ie, replacing the circular current collector plate by the crystal), we could make a
direct comparison of the two methods. the results of this comparison are shown in Fig. 2. Here,
the Amyqa) has been obtained from the measured frequency shift, having first calibrated the crystal
against a precisely measured mass increase. The Amcyrent has been obtained from the measured
ion saturation current to the collector where the mean ion charge state has been taken as that given
in reference 26. These data were provided by scanning in magnetic field strength and axial location
of the probe, using the straight magnetic duct. The two methods agree well.

_—



Our goal was to measure the intrinsic transmission of the two ducts. It was thus
advantageous to always inject a fixed ion flux axially into the entrance of the duct under
investigation. From previous work [28] it is known that the ion current projected in the forward
direction by a magnetic field saturates at a maximum value which is determined only by the total arc
current, and that this maximum ion current is achieved for a ducting magnetic field strength greater
than only about 150 Gauss. Larger magnetic field strengths than this do not increase the saturation
ion current, but in fact cause the arc to become unstable, in turn leading to arc ignition difficulties
and erratic ion current measurements. In order to keep the magnetic field at the cathode at about
150 Gauss, independent of the duct field, a small solenoid ("minicoil") was positioned around the
cathode and anode. The minicoil was of length 4.45 cm and inner diameter 2.54 cm and was
positioned inside the duct solenoid. The minicoil magnetic field could either add to or subtract
from the duct magnetic field, thus providing control over the magnetic field at the cathode
independent of the duct magnetic field. A typical set of results showing the effect of the minicoil is
shown in Figure 3. Here the magnetic field of the curved duct was kept at 650 Gauss and the
minicoil magnetic field varied, while the ion saturation current collected by the disk probe located at
the exit end of the duct was monitored. The best conditions - i.e., the most stable arc and highest
ducted ion current at the exit - were achieved for a magnetic field strength at the cathode of about
150 Gauss. This mode of operation was then used throughout.

Axial profiles of the transported plasma flux for a range of magnetic field strengths are
shown in Figures 4 and 5. Figure 4 shows the ion saturation current collected by the axially-
moving probe as a function of distance from cathode to probe, for magnetic field strengths from 0
up to 650 gauss, for the straight magnetic duct, and Figure 5 shows similar data for the curved
magnetic duct. Each of the fitted curves defines an attenuation length (the distance over which the
plasma density falls by a factor of e), and this is plotted as a function of magnetic field strength in
Figure 6. The attenuation length for both the straight and curved ducts increases with magnetic
field strength and approaches an asymptotic value of about 16 cm for the straight duct and about 10
cm for the curved duct.

Plasma loss through the duct was investigated further by measuring the ion saturation
current to each of the aluminum disks forming the duct wall. The curved duct was used with all
the disks grounded (this gave the highest throughput) except for that one disk for which the ion
saturation current was to be measured, which was biased to -70 V; all disks were monitored, one-
by-one from the entrance of the duct to the exit. In this way the spatial distribution of the ion
current to the duct wall (ie, the 'wall current') was determined. The results are shown in Figure 7.
These data show that the axial fall-off of the wall current is the same as the axial fall-off of the ion
saturation current measured by the axial moving probe. The total collected ion current - that
measured by the probe plus the sum of the disk currents for all disks up to the probe location, for
all probe locations - is a constant that depends only on the arc current; that is, all the current
generated by the arc is accounted for. We ascribe the sharp initial drop in wall current to the
detailed shape of the magnetic flux tube in the vicinity of the cathode due to the mini-coil
surrounding the plasma gun. '

We measured the location in the transverse plane of the ducted plasma channel by
positioning a glass plate at the duct exit. For this experiment a copper cathode was used. The
device was operated for a short time (about 1,500 shots) so as to build up a deposit on the glass.
This was done for both the straight and the curved duct. The magnetic field was 650 Gauss. As
expected, the deposition mark was located centrally for the case of the straight duct. For the
curved duct the deposition mark was shifted out of the plane of the duct by approximately 0.5 cm.
This effect could be due in part to curvature- and gradient-driven plasma drifts of the streaming
plasma in the curved and non-uniform magnetic field [31-33].



Finally, we assembled a simple 'multipole magnetic duct' and measured the plasma
transport through it. This device consisted of an iron pipe 22.9 ¢cm long and 7.9 cm in inner
diameter, with high-field samarium cobalt permanent magnets attached onto the inside surface of
the pipe so as to form a long hexapole structure. The plasma channel diameter formed by the
magnets was 3.9 cm. The measured plasma transmission through this structure was

-disappointedly low. Using the same axially scanning collector plate as used for the straight duct
measurements described above, we measured a fraction of plasma transported over the 15.2 cm
length of the multipole duct of only 7%.

IV. DISCUSSION

The two configurations of magnetic duct that we have investigated necessarily represent
quite special cases in the range of parameter space over which it is conceptually possible to
fabricate and operate magnetic ducts. Thus for example the absolute and relative magnitudes of
important parameters such as duct length, duct major and minor radii, ion gyroradius, ion mean
free path, among others, surely are important to the plasma transport through the duct, and we
have been able to survey only a tiny part of this high-dimensional parameter space. The
conclusions that we draw are therefore made very cautiously.

Plasma transport through the straight duct offers the least surprises. As can be seen from
Figures 4 and 6, the transport efficiency increases with magnetic field strength and saturates at
around 500 Gauss. The attenuation length of the plasma density along the duct is approximately
equal to the inner radius of the duct for very low magnetic field, and increases to a saturation value
at a magnetic field for which the ion gyroradius approximately equals the duct inner radius; (the ion
temperature of the vacuum arc plasma has been taken to be of order 1 eV).

Interpretation of the observations of transport through the curved duct are more clouded.
Certainly there is a greater plasma loss than in the straight duct, as is clear from Figure 6. The
general behaviour seems to be similar to that for the straight duct in that the transport is minimal for
low field strength (here less than a few hundred Gauss) and increases with field, possibly
approaching a saturation value for a/pj > 1, where a is the inner radius of the duct and p; is the
ion gyroradius. As mentioned above, measurements using a glass witness slide to show the gross
position of the plasma channel at the end of the duct indicated that the plasma column was shifted
out of the plane of the duct by up to about 0.5 cm at 650 Gauss; reversing the duct field polarity
did not reverse the sense of the drift. This drift would cause a decrease in the ion current measured
by the moveable collector plate since its diameter (2.54 cm) is less than the duct inner diameter
(3.05 cm). The measured attenuation lengths thus include the effect of this gross loss also. We
conclude that the curved duct investigated here is not optimized for plasma transport, and that
major changes should be made, perhaps such as increasing the duct dimensions and hence a/pj; it
is possible that the addition of helical windings to the magnetic field configuration so as to produce
a rotational transform in the field might help to alleviate the out-of-the-plane drift. We hope to
investigate these things in future experiments.

There is a feature of the data shown in Figures 4 and 5 that is interesting to note. Of the
several plots of ion saturation current as a function of distance along the magnetic duct, some show
a noticeable departure from strict exponential fall-off. In taking the data we noticed these features
and repeated the measurements several times; the features are repeatable. A similar phenomenon
has recently been observed by Johnson, D'Angelo and Merlino [34]. These workers have studied
the propagation of a low energy, charge neutralized ion beam in a long double plasma device in a
magnetic field of up to about 180 Gauss - conditions generally similar to those employed in our
work. They found that although the beam is mostly attenuated as it propagates downstream, under
some conditions a "reemergence” of the beam on axis is observed. This effect was attributed to a
focussing of the beam ions by a self-consistently produced radial ambipolar electric field. We
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speculate that the reproducible departures from strictly exponential fall-off seen in our data may be
due to a similar or related effect.

V. CONCLUSION

We have measured the plasma transmission characteristics of two solenoidal magnetic
plasma transport channels, one straight and one curved. The plasma used was that generated by a
pulsed metal vapor vacuum arc plasma gun, and the magnetic field strength was varied over the
range 0 - 650 Gauss.

We found that for the case of the straight duct the plasma transport efficiency, as measured
by the attenuation length of the plasma density along the duct, increased with magnetic field
strength up to a saturation value at a field strength for which the ion gyroradius is approximately
equal to the duct radius. Transport through the curved duct was less, with a plasma density
attenuation length roughly half of that for the straight duct. The magnetic field entrance condition
was found to be important; there was an optimum field strength for coupling the maximum amount
of plasma from the metal ion plasma generator into the duct, which for our configuration was about
150 Gauss. .
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.
Fig. 6.

Fig. 7.

The two magnetic plasma ducts investigated: (a) straight and (b) curved. One can see
the copper tubing solenoid, aluminum disks that define the plasma boundary, the
plasma gun, and the probe movement mechanism; the plasma gun and the probe can be
moved remotely.

Transported mass measured by the quartz crystal oscillator frequency shift Amy¢q) vs.
that obtained from the ion current collected by the probe Amcyrrent. The two methods
are compared by varying the probe position and the magnetic field strength in the
straight duct. The agreement is good.

Ton saturation current measured at the duct exit vs. magnetic field at the cathode, for
constant duct magnetic field, (the minicoil magnetic field was varied). Curved duct,
B = 650 G.

Plasma transport through the straight duct: ion saturation current to the probe as a
function of probe position along the duct, for a range of magnetic field strengths.

Plasma transport through the curved duct.

Axial attenuation length of the plasma ion current as a function of magnetic field
strength for straight and curved ducts

Wall current as a function of distance along the duct. Curved duct, B = 650 Gauss.
The fall-off in wall current is seen to be the same as that in the signal collected by the
probe.



Figure 1(a)
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Figure 1(b)
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